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ABSTRACT  With few exceptions,  afferent neurons  in  the various  sensory  sys-
tems respond  to wide  ranges  of stimuli.  In  those  sensory  systems for which the
stimulus  dimensions  are  understood,  the  response  functions  of  these  neurons
may  be  described;  they are  usually  simple  functions  with one  maximum,  al-
though  many variations  exist.  In  the  chemical  senses,  the stimulus dimensions
are not known,  and  thus the  neural  response  functions  of these neurons  have
never been described.  The present paper presents  methods to determine  these
response  functions  and  the  stimulus  dimensions  for  the  chemical  senses.  A
tentative  response  function  for  taste  is  developed,  and  preliminary  steps  are
taken toward  disclosing  the stimulus dimensions.
INTRODUCTION
In  all afferent neural systems, with the exception  of taste and olfaction, stimu-
lus dimensions'  have been  defined which may be related  to the sensory quali-
ties of each modality.  Thus, the sensations  of color are primarily related  to a
wavelength dimension of light, and pitch to the frequency of sound stimuli.
Once such  a physical dimension  has been established,  the responsiveness  of
individual afferent neurons to various stimuli of the dimension may be system-
atically  investigated.  Single  unit  investigations  have  shown  that  afferent
neurons generally display broad response functions; i.e., they are responsive to
large  portions of the dimension  rather than  to limited  ranges of the  order  of
one "just noticeable  difference."  Curves which  describe  the sensitivity  or re-
sponsiveness  of these neurons  to stimuli  of a particular dimension  will herein
be called "neural  response functions"  (NRF).' These NRFs  usually  reveal  a
maximum in one region  of the dimension with a gradual decline to either side.
This has  been  shown for auditory  (8),  kinesthetic  (21),  somesthetic  (18,  23),
temperature-sensitive  (14), and visual afferents  (4,  10,  11,  15,  22) as well as for
the absorption  spectra of the visual  pigments of individual  cones  (3,  17).
Many  variations in  the forms  of these  NRFs  are found,  as  for example  in
the  responses  of temperature-sensitive  neurons  (5,  25)  and  visual  afferents
I The  definitions  of several terms  as used in this paper are given in Appendix I.
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(24).  Complex inhibitory  and  excitatory  phenomena  due to both  peripheral
and  central  stimulation  have  also  been  demonstrated  (2,  7,  9,  12,  16,  18).
Although  these  influences  may  tend  to modify  or  to constrict  the  sensitivity
ranges, receptors  and afferent neural elements still are characterized  by broad
rather than very point-like or limited NRFs.
At  the  present  time,  little  is  known  concerning  the  stimulus  dimensions
underlying the chemical senses and, as a result, NRFs have not been described
for  these.2 However, a  number  of considerations  suggest  that if the responses
of these  neurons  could  be plotted  with  respect  to  their  underlying  stimulus
dimensions,  relatively  broad  NRFs would  result.
First, one can argue that they might be broad in analogy with other sensory
systems.  Also,  it has been  shown that individual  gustatory  (19,  20)  and olfac-
tory  (1)  neurons  do respond  to wide  ranges of chemical  stimuli  as  would  be
expected  with broad NRFs.
Finally,  broad  NRFs  are  helpful  if not essential  for the  economical  repre-
sentation of information  in afferent neural systems. With a system of stimulus-
specific  nervous  elements,  there  would  not  be,  even  with conservative  esti-
mates  of  the  number  of  neurons  required,  enough  neurons  in  the  nervous
system  to  accommodate  vision  alone.  However,  the  relative  amounts  of
activity  set  up  in  several  fibers  with broad  NRFs  may  signal  the  stimulus
quality for  each  of many stimuli;  the  activity  in a few  fibers may adequately
provide  the neural  code  for  many  stimuli,  and  thus,  fewer  fibers  are  needed.
The Young-Helmholtz  theory of color vision  (13),  although based on  psycho-
physical rather than neural considerations,  enjoys this advantage.  Each point
of the retina could  not possibly  contain  separate  receptors  with pigments for
each  discriminable  wavelength.  However,  three  cones  containing  different
broadly absorptive  pigments at each retinal point would suffice since, for each
wavelength,  certain  ratios of absorption would  result, in turn producing  cer-
tain ratios of amounts of neural activity in their respective neurons; each color
would be neurally encoded in this ratio. In line with this reasoning, it has been
shown  that relative  amounts  of  activity  in parallel  afferent  fibers  do  signal
sensory quality for taste  (6)  as was suggested  by Pfaffmann  (20).
Thus, the  hypothesis that these  neurons  should  show broad  NRFs such  as
are typical for other  sensory systems  seems  plausible.  This  leads to the  prob-
lem addressed  in this paper: is it possible to derive the NRFs for taste without
knowledge  of the  relevant stimulus  dimensions?  Further,  is  it possible  to  dis-
2 Similarities  between  dimensions  underlying the chemical  senses,  which  probably are  not continu-
ous,  and those underlying other  senses,  which are continuous,  may be difficult  to conceive.  All that
is required  in this report  is the  assumption that stimuli  in either  chemical  or  non-chemical  senses
bear certain  quantitative relationships  to each  other,  such  as definite  differences  in wavelength  or
molecular  weight.  Whether or  not  these  stimuli  form a  continuum  is  not important  here.  This  is
discussed  further on page  259  and in Appendix  I.
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cover  the  stimulus  dimensions?  Data  presented  in  the present  paper  show
that  the  NRFs  and  stimulus  dimensions  for taste may  be determined  if the
responses  of many individual  first-order  neurons  are plotted  as  scattergrams
for pairs  of  chemical  stimuli.  Preliminary  forms of the gustatory  NRFs  and
the  relative  positions  of several  stimuli  on  the  stimulus  dimensions  are  pre-
sented.  These  methods  should  also  be  applicable  to  other  senses  including
olfaction.
METHOD
Experimental  Forty-four  female  Sprague-Dawley  rats  were  used,  weighing
between 200 and 250 gm each.  A deep level  of anesthesia was maintained  with pen-
tobarbital  sodium.  The chorda  tympani nerve  was  exposed with a lateral  approach
and pared  down until  the discharges  of individual  neurons could  be led  off through
a  fine  (125/t)  uninsulated  nichrome  wire  electrode  over  which  the  nerve  strand
was  looped.  Data  were  obtained  from  62  single  neurons.  The  potentials  were  dis-
played  on  a Tektronix  502 oscilloscope  and  photographed  with  a  Grass  C4  kymo-
graph camera,  often after storage on a Sanborn-Ampex  2000 magnetic data recorder.
The data used consisted  of the number  of discharges produced  by individual neurons
in  the  first second  of activity  evoked  by various  taste  stimuli.  A flow  chamber  was
fitted  over the anterior portion of the tongue for the  administration  of the  taste solu-
tions;  no  saliva  could  flow  onto  this  part  of the tongue.  Each  stimulus was  flowed
over the  tongue  for about 4  seconds,  followed  by a  distilled water  rinse of about 20
seconds.  The stimuli and the  rinse were  at room temperature.  The  stimuli and  their
concentrations  were  as  follows:  1.0  M sucrose;  0.3  M CaC12  and  KCI;  0.1  M LiC,
NaCI, NH4CI, Na2SO 4, NaNO3, and NaOH; 0.03 M HCI; and  0.01  M  QHCI (quinine
hydrochloride).  These concentrations  were  selected  to produce  response  magnitudes
of roughly half the maximum  possible  for each  stimulus,  except  for  sucrose  which is
too  viscous  at concentrations  greater  than  1 M. Several  salts  were  used  since  it was
found  convenient  in  the treatment  of the data  to  have  several  similar stimuli;  this
will  become  apparent  below.  These  stimuli were  presented  in  random order,  each
from one  to  15  times  depending  on how  long the  fiber  continued  to  give  spike dis-
charges that could  be identified  as originating from a single neuron.
Treatment of Data  In  the following  sections,  a  model will first be  presented  to
show  how  the  derivation  of the  NRFs and  scale  relations  of stimuli  on the  stimulus
dimensions  could  be  accomplished  from a given  set of results. Then  the  Results will
be  presented and  the derivations  performed.
THE  MODEL
Evidence of the Form of the Neural Response Function  In this section it will be
shown  as  a first step that given NRFs  and  stimulus dimensions  will produce
data  of a  certain  form.  As the  model,  let  the  curves  in  Fig.  1A represent  a
sample of hypothetical gustatory NRFs chosen from a larger population on the
stimulus  dimension  shown.  (In  the  interests  of  an  economical  presentation,
the NRFs shown in this model are of the form which was found to be approxi-
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mately correct below.)  We use NRFs at many positions along the dimension  in
this model because it has been shown that there are many fiber types in gusta-
tion  (6)  rather  than  four  representing  the  classic  types  postulated  for  the
sensations  of sweet,  salty,  sour,  and  bitter. The  similarity  of the  shapes  and
sizes  of these NRFs is  a necessary  simplifying assumption for the initial stages
of the model;  this  assumption  will  probably  need  to  be  abandoned  later  in
view  of  the  only  approximate  similarity  of the  NRFs  within  other  afferent
systems.
In Fig.  1A  points a through k represent  several taste stimuli on this dimen-
sion  (the nature  of this  dimension  will be further  considered  below).  If two
stimuli are  very  close  to each other on the dimension,  such as  a  and b, then
any neuron very responsive to one of them, such as the neuron represented by
function  2,  would  also  be very responsive  to  the  other.  That  is,  any neuron
which gives a large  discharge  to stimulus a would also  give a large  discharge
to stimulus  b. A neuron represented by function  3, which would give an inter-
mediate  response  to stimulus  a, would  also  give  an  intermediate  response  to
stimulus  b. Likewise,  a  neuron  such as 4, responding  with  a  small  discharge
to  a,  would  respond  with  a  small  discharge  to  b also.  In  other  words,  the
magnitudes  produced  by  two  stimuli  close  together  on  the  stimulus  di-
mension  would be  highly  correlated  across  all  neurons.  This  high  correla-
tion  is  represented  in  Fig.  B  by  the  scattergram  profile  a-b,  where  the
magnitude  of  response  to  each  stimulus  is  plotted  along  one  axis.  Points
defining this  curve were  derived  from Fig.  1A by measuring  the intercepts  of
ordinates erected  at a and  b with the NRFs shown. Of course, the correlation
of stimulus  a with stimulus  a would  be  1.0;  this correlation  is  represented  in
Fig.  B by the straight  line a-a. The scattergram  profile which would be pro-
duced  by stimuli  as far  apart  as a and c is  indicated in  Fig.  B  by the  curve
a-c. The  scattergram  profiles for  all other  pairings of stimuli with  a were  de-
rived in  the same  manner.
Thus, the form of the NRF determines the form of the family of scattergram
profiles  shown  in Fig.  1B.  Although  not demonstrated  here, it should  be evi-
dent  that  NRFs  of  other  forms  would  produce  characteristically  different
families of scattergram  profiles.  It has also been shown above that the various
interstimulus  distances  along  the  dimension  are  represented  by  the various
members of the family of profiles  shown in Fig.  1B.
It should be noted that whereas the form of the profiles  in  Fig.  B depends
on the shape of the NRF and the  interstimulus  distance,  the absolute  size  (ex-
tent in horizontal  and vertical directions)  of the profiles in Fig.  1B  would de-
pend on the absolute size of the NRF. Variations  in height of the NRF would
be accompanied  by variations in size of the scattergram profiles.  For example,
if the NRFs in  Fig.  1A varied  in height between  that height shown and  zero,
then the  profiles  in Fig.  B would vary  in size from that shown  to zero,  and
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FIGURE  1.  Model to show how forms of scattergram  (Figs.  3 to  5)  depend on shape  of
neural  response  functions (NRF) and interstimulus  distances.  A. Models of NRFs  (1-6)
placed  along an hypothetical  stimulus  dimension.  These  are a  few  from a much more
numerous and  closely spaced family of curves of this form. Shapes of NRFs indicate the
responsiveness  of individual neurons  to stimuli along  this dimension.  Ten  stimuli  (a-k)
are indicated  on the  stimulus dimension.  B.  Forms of scattergrams  that  would be  pro-
duced by pairs of stimuli from Fig.  IA. See text for full description of method.  Responses
to each  stimulus paired  with  stimulus a plotted  on ordinate.  Responses  to stimulus a
plotted on abscissa. Distances between  stimuli are given in terms of the scale in Fig. 2A.
Thus, stimuli a and d are 3  units apart;  a-d (3).  Stimulus  a is zero units from stimulus
a; a-a (0).
they would thus be filled-in areas rather than simply line profiles.  (The mean-
ing of the  dashed line in Fig.  1B relates  to the limits  or ends of the stimulus
domain'  and  will  be discussed  below.)
Generation of the  Neural Response Function  It  has  been  shown  above  how
given  NRFs  will produce a definite scattergram profile  for any  2 stimuli  of a
given interstimulus  distance.  Therefore,  by reversing this procedure  it should
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be possible  to determine  the  forms of the  NRFs  as  well  as  the  interstimulus
distances from the forms or  profiles of the scattergram  plots. The scattergram
profile designated  by the curve in Fig. 2B will be used as an example.
The  NRF  in  Fig.  2A  may  be  developed  from  the  scattergram  profile  in
Fig. 2B  in the following manner.  The base line scale of Fig.  2A represents the
stimulus dimension  divided  into arbitrary  units.  Stimuli X  and Y  are placed
at arbitrary points, 0 and 3, on the abscissa; the distance between these stimuli
remains constant  (3 units) throughout  this procedure.  It can be seen from the
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FIGURE  2.  Model  to  show how  neural  response  function  (A)  may  be  developed  from
form of scattergram  (B). See text for full description of method. This procedure is approxi-
mately the reverse of that given in Fig. 1. A. NRF as in Fig.  A.  Scale along abscissa is
the same  as that used  in Fig. 6.  Impulse frequencies p-u as shown  in Fig. 2B. The X-Y
distance  refers  to the distance between  two stimuli producing  the  form  of scattergram
shown  in Fig.  2B. B. Form of scattergram produced  by stimuli 3 units apart on abscissa
of Fig. 2A. This scattergram  is the same as that in Fig.  B for stimuli 3 units apart;  a-d
(3). From the values  given  (p-u),  the NRF shown  in Fig. 2A may be developed.
scattergram  in Fig.  2B that when a response of magnitude p is obtained with
stimulus Y, the response to stimulus X is zero. Thus the two extreme left points
on the curve in Fig.  2A are determined.
The third point on  the curve may be obtained by determining  what value
would be obtained with stimulus Y from a neuron giving a response of magni-
tude p to stimulus  X. These values would be obtained from a neuron with an
NRF  one X-Y  distance  (3 units) to the left of the curve used in Fig.  2A, and
the sensitivity  of this second neuron to stimuli X and Y can be represented  by
moving both stimuli one X-Y  distance to the right in Fig. 2A.  (This procedure
is proper  because  mathematically  it makes  no difference  whether  the NRF
is moved to the left while maintaining the same X and Y stimulus positions, or
i3
(.  ,
X
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whether the stimuli are moved  to the right while maintaining the same NRF
since  it is  assumed  that  the forms  of all  NRFs  are  the  same.)  In  Fig.  2A  if
stimulus X  is placed  beneath  the  point on the curve  previously  occupied  by
stimulus Y, namely the point of magnitude p, Y is displaced an equal distance
to the right and an ordinate  value of  q is  placed  above it as indicated.  Thus,
when X  = p, Y  =  q. This gives three points of the sensitivity curve.
The rest of the curve follows by the same procedure.  When stimulus X pro-
duces  a  response  of magnitude  q, stimulus Y produces  a response  of magni-
tude  r; when stimulus X produces a response  of magnitude r, stimulus Y pro-
duces  a  response  of  magnitude  s  and  so  forth.  All  the  points  used  in  this
particular  derivation of the  NRF are indicated,  but  only  the first  six values
(p-u)  are  labeled.
Thus,  with stimuli  3 units apart on  the  dimension,  an NRF has  been  de-
veloped from  the scattergram  profile  given  in Fig.  2B  which  would  produce
that profile.
DEVELOPMENT  OF  THE  FUNCTIONS  AND  DIMENSIONS
FROM  THE  RESULTS
With  this  technique at hand,  we may  now  determine  the form  of the NRF
and interstimulus distances from the forms of the scattergram  profiles obtained
with the neural  data. First the Results  will  be presented,  and  then the NRFs
and  interstimulus  distances  will  be  derived.  Finally,  the  scale  relations  of
several  stimuli on the dimensions will be generated from the interstimulus  dis-
tances.
Results  The results are presented in Figs.  3 to 5.  Here, scattergram plots
are given for 36 pairings of the stimuli used. The numbers on the axes indicate
the  number  of discharges  in  the  first  second  of  evoked  activity.  Each  point
represents the response of one neuron to the two stimuli given on the axes. The
number of data points varies from graph to graph according  to the number of
neurons involved in the testing of each pair of stimuli.
The Neural Response Function  NRFs  were  generated  from several  of the
scattergrams in Figs.  3 to 5 with the technique described in The Model section
above.  The  average  of these  derived  functions  is  presented  in  Fig.  2A;  the
NRFs shown in  Fig.  1A  are duplications  of this average  function.  The pairs
of stimuli  used in determining  the NRF were  NH4C1-CaCl2,  NH4Ci-KC1,
LiCl-NaCl,  KC1-HC1,  and  KC1-CaCI 2.
Only minor variations  were found in these five derived NRFs; the variations
are assumed to be mainly a product of experimental  error in the points repre-
sented in  the  scattergrams.  One source  of this error  is  indicated  by the reli-
ability  of  repeated  measures  of  activity  in  individual  neurons;  an  estimate
of this error  is shown  in the first scattergram  of Fig.  3  which  presents  the re-
sults  of repeated  stimulation  with  NaCl  and  with  KC1.  The  correlation  ob-
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tained for this reliability measure is  +0.95. Before generating the initial NRF,
the  forms of the  five scattergram  profiles mentioned  above were  adjusted  for
this error by letting the more extreme points fall outside of the profiles drawn.
The orientation  of the  profiles  is  arbitrary;  in some,  the ordinate  and  ab-
scissa are reversed  from the  position presented  in Fig.  1B.  Also,  the choice of
concentrations was such that the various stimuli produced different maximum
responses.  This is obvious  in the profiles fitted to the scattergrams; their extent
along the axes depends on the strength of the stimulus.  If other concentrations
had  been  used,  it would  be  roughly the  same  as having  NRFs  of different
heights as previously discussed; thus the size of the scattergram would change,
but the form would not.
It should  be  noted  that,  as  shown in  the  section  above,  the  fact  that the
scattergrams  take the form of filled-in areas rather than simple lines indicates
that there are variations in the heights of the NRFs.  In other words, the maxi-
mum impulse frequency is not constant from one neuron to another.
Interstimulus Distances  By  employing  the  average  NRF of Figs.  1A  and
2A,  scattergram  profiles  were predicted  for  stimuli that  lie various  distances
apart  on  the  stimulus  dimension.  These  profiles  were  determined  by  the
method  discussed  above and  are shown  in  Fig.  lB.  After  adjustment  to the
size  of each  scattergram,  the best  fitting profile  was then  drawn  around the
points  of each  scattergram  (with  the  exception  of  QHCl-sucrose  for  which
large  enough  responses  to determine  the proper  profile  were  not  available).
These  profiles  are  included  in  Figs.  3  to  5  to  indicate  the  closeness  of  fit.
The curve chosen for each pair of stimuli indicates the interstimulus  distance.
The best fitting profile was determined  by simple visual inspection. Due to
the approximate  nature  of this "fitting"  procedure,  a choice  was made  only
between  the profiles for interstimulus distances  of 0,  1, 2,  3,  5,  8,  12,  15,  18,
and  21  units  shown  here.  For  distances  of  1, 2,  and  3  units we  feel  that the
interstimulus  separation  is correct  to  1 or  2 units.  These  estimates  probably
become  less  accurate  for  larger  interstimulus  distances;  interstimulus  dis-
tances above  12 units may be in error by as much as  5 units. The estimates of
the interstimulus  separations  of all taste  solutions  are  given  on  each  scatter-
gram;  e.g.,  d  =  5.
It may now be asked  how well this NRF accounts  for the data, that is, how
FIGURE 3.  Data  presented  as  scattergrams.  Each  point  represents  responses  of  one
neuron  to  two stimuli.  Stimuli used  are indicated  on the axes.  Number  of impulses  oc-
curring in the first second  of evoked  activity is indicated  on each  axis. First scattergram
(upper left)  indicates reliability of measures.  Points show results of repeated  stimulation
with NaCl and with  KC1.  Correlation is  +0.95. Distances between each pair of stimuli
are  in terms  of the arbitrary  scale shown  in Fig. 2A  (e.g.,  distance between  NaCI and
LiC  is  1 unit; d  =  1).  Dashed line profiles,  on  which d values depend  (see  text),  are
the curves given in Fig.  B.
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closely  do  the  derived  scatterplot  forms  and  the  actual  scatterplots  corre-
spond.  With  this limited  amount  of data no statistical  procedure  seems  very
appropriate.  Simple  visual  inspection  is  probably  the  best  method  at  this
point.  By  this method,  the fit  for  any  one  scatterplot  may not  be very  con-
vincing; the  best argument  for  the  correctness  of this form  of the NRF  is its
ability to generate approximate  fits for all the scattergrams.
On the  basis  of The Model  presented  above,  we  have  thus developed  the
gustatory NRF  and the interstimulus  distances  from the forms of the  scatter-
gram plot profiles.
Determining the  Stimulus  Dimensions  The distances  between  stimuli  pro-
vide a  basis for  disclosing  the  dimensions  of taste  stimulation,  whether  there
is one dimension  as in Figs.  1 and 2,  or more.  In Fig. 6 it is shown  how these
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FIGURE 6.  Approximate  locations of several  salts and HC1 along taste  dimensions.  The
scale is the same  as that in Fig.  2A. The  location  of the  stimuli relative  to  each other
depends on  their distances from each other  (Figs. 3 to 5).  Sucrose may be located about
18  units above the plane of this figure,  approximately  over HC1.  QHC1  may be located
about  15 units below the plane of this figure,  approximately under HC1. Li2SO 4, NaNO3,
and  Na2SO 4 are very  close  to NaCl  and LiCl.
distances determine the locations  of several of these stimuli in two dimensions.
The  statement  that three  stimuli  are  each  5  units from  each  other,  such  as
NH 4C1,  CaC1 2,  and HC1, suggests  that they are contained  within two dimen-
sions,  a  plane.  As  shown  in this figure,  several other stimuli may  be success-
fully plotted within this plane using the distances given in Figs.  3  to 5.  On the
other  hand,  a third  dimension  is  required  for  sucrose  and QHC1.  Sucrose  is
about  18 units from all the stimuli in Fig. 6; due to the arrangement  of these
stimuli,  sucrose  must  be  plotted  outside  of  the  plane  containing  them.  It
might  be placed  roughly  18 units  from the  plane  of Fig.  6  above  HC1. The
same  argument  holds  for  QHC1 and it might be placed  about  15  units from
this  plane,  below  HC1.  Thus,  by  determining  the  distances  between  all
stimuli, the positions of these stimuli with respect to each other on the various
stimulus dimensions are indicated. This procedure provides a basis for evaluat-
ing  various  physical  variables'  as  possible  stimulus  dimensions.
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The data thus far suggest that the cation is an important factor in the taste
of salts. The salts of sodium are very closely  grouped,  as are two lithium salts
(Li2S04 is very close to LiC1, and NaNO3 and Na 2SO 4are very close to NaCl).
The  chloride  ion  is,  however,  widely  spread  over  the  dimensions  and  thus
evidently does not contribute much to the location of these particular stimuli.
Certain difficulties  in the interpretation  of the data arise from the fact that
the organization  of the  neural  data requires  more than one  dimension.  The
NRFs given in Fig.  1A,  from  which the  profiles fitted to the  scattergrams  in
Figs. 3 to 5 were derived,  show all stimuli arranged along one dimension  only.
When  these  NRFs  along  one  dimension  are considered  as  "solid  cones"  to
accommodate  stimuli  in  two  dimensions,  their  form  cannot  be  exactly  the
same  in  each  dimension  since  the  curves  are slightly  asymmetrical;  not all
sections through a cone of this form would describe the same NRF. This diffi-
culty is  compounded  when  more  dimensions  are  considered.  Therefore,  the
profiles  fitted  to  the  scattergrams  must,  in  many  cases,  contain  a  certain
amount of error  in addition  to  the reliability  error mentioned  earlier.  How-
ever,  when  all scattergrams  are considered,  the average fit of the  profiles de-
rived from only one NRF is  good as a first approximation.  In order  to deter-
mine more exactly  the nature  of the  stimulus dimension  and the form of the
NRFs in each dimension,  considerably more data are required.
It should  be pointed  out that taste  may involve  more than  one  set  of di-
mensions.  If two stimulus  variables  involved entirely different mechanisms  of
taste  cell  depolarization,  for  example  if the  number  of receptor  sites  were
uncorrelated  between  any two variables,  they could only be plotted on sepa-
rate, unrelated  sets of dimensions.  If this is  the case, the correlations  between
any stimulus  in one  set and any stimulus in another set should be near  zero,
and  the  scattergram  would  reflect  such  a  correlation.  The  present  data are
not extensive  enough  to settle  this issue for the relation  of QHC1 and sucrose
to the other stimuli. It is therefore possible  that the distances given for QHC1
and  sucrose  are spurious  since  the  forms  of the scattergrams  involving  these
stimuli are not clear and the correlations  are near zero.  It is only clear at this
point that at least two dimensions are required for the salts; in addition,  either
another  dimension  or other  sets of dimensions  must be considered  for QHC1
and sucrose.
The  Continuous Nature of the  Neural Response Functions and the Discontinuous
Nature of the Stimulus Dimensions  It is difficult to conceive of a truly continuous
dimension for taste stimulation. For example, if the effectiveness  ot stimulation
by a particular  compound  depends on the species  of cation,  or on the length
of a carbon chain,  the stimulus  dimension cannot be truly continuous.  There
is  perhaps  no way in which a true "continuum"  of chemical  stimuli may be
devised.  However,  the stimuli  may be ordered along  a dimension,  in terms  of
the length  of a carbon  chain  for  example,  and  the  distances  between  these
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stimuli may be  meaningful  (interval or  ratio scales).  On the other hand,  the
NRFs  may  be  truly  continuous.3 It  seems  best  to  assume  that  gustatory
neurons  have  continuous  input-output  relationships  but that only  a  limited
number of discrete inputs are available to them. It  is conventional  to plot such
functions as continuous. Thus, the base line dimensions discussed in this paper
may  be  most  properly  thought  of  as  an  interval  arrangement  of  stimuli,
whereas  the  NRFs  may be  continuous.
Limits of the Stimulus Domains  In color vision, audition,  and other senses,
the  stimulus  domains exhibit  limits beyond which the NRFs do not occur.  If
this  were  true  for  taste  also,  how  would  these  limits  appear  in  the  present
data?  If, in Fig.  1A,  functions  1 and 2 were missing, that is, if the limits of the
domain  were reached by function  3, then the profiles in Fig.  B would not be
fully described.  In the case of stimuli a and h,  the a-h scattergram would lack
all points  normally  falling  below the  dotted  line.  Stimulus  a would  thus  be
known  to occur near the  border of the domain.  Most scattergrams which in-
clude sucrose  or quinine  as one of the  stimuli show this kind of truncation.  If
these stimuli belong in the same set of dimensions as the salts, they would thus
be near  the  edges  of the  dimension.  The  distances  of these  stimuli  from  the
edges may be estimated from the extent of the truncation.  Sucrose  appears to
be about 8 units  (see scale,  Fig.  2A)  from an edge whereas QHC1  is about  10
units from an edge. The position of the truncation also indicates that the shal-
low "left side"  of the function  is directed  toward the edge  of the domain.
The edges  of the domain  may actually  represent  points  beyond  which no
NRFs exist for  taste, or may indicate the limits for the chorda  tympani nerve
only. The dimensions  may be served for certain  distances beyond  these points
by another taste nerve,  the glossopharyngeal  or vagus. This second alternative
seems  more  probable  since, for  example,  large  sucrose and quinine  responses
may be obtained in the nucleus  of the solitary tract of the rat, but not usually
in the chorda tympani  of this  species,  as is evident in Figs.  4 and 5.  Also many
variations have been found in the responses  of the chorda tympani of different
species.  In  any  case,  sucrose  and  quinine  represent  only approximate  limits
for the chorda tympani of the rat, since neurons  giving large responses to these
stimuli  are  sometimes  found  in  this  nerve.  Also,  since  the  nature  of  any
stimulus dimension depends on the transducing properties  of its receptors,  and
since there are probably many of these in taste,  it may develop  that the taste
dimensions themselves are to a certain extent species-specific.
Discriminability of  Stimuli  It  has  been  found,  for  taste,  that  stimulus
discriminability  depends  upon  differences  in  neural  input,  and  that  this
neural  input  exists  in  the  form  of relative  amounts  of activity  across  many
neurons  (6, 20).  Thus, the differences in neural input may be measured by the
a As an electrical  analogy,  an electronic tube may have continuous input-output  characteristics, but,
depending on the  application,  a continuously varying input might not be used.
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correlation  between  the  amounts  of  activity  across  many  neurons  (6)  as
shown in Table I. A correlation near  1.0 indicates a high  similarity  of neural
input between two stimuli, and  it is difficult for the organism to discriminate
between  these stimuli. As the correlation  decreases,  discriminability  increases
(6).  This is simply a quantitative statement of the inverse relationship between
discriminability  of two stimuli  and  the similarity  of  their neural  inputs.  Al-
TABLE  I
CORRELATION  MATRIX  FOR  ALL  PAIRS  OF  ALL  STIMULI  USED
The number in the upper left corner of each cell is the correlation (Pearson's r).
The number in the lower right of each cell is the number of pairs on which the
correlation  is based.
.82  86  914 1  2  24  44
.83  82
25  28
.77
24
71  16
.75  1
16
.75
16
.69
16
.78
21
.77
19
.79
19
.83
21
.66
13
.02
56
-.27
28
.04
24
.03
45
-. 21
16
-05
21
06
57
-. 22
26
05
24
II
46
-. 16
16
15
21
85
59
36
16
-. 07
16
.39
16
44
16
.12
16
.32
13
77
16
91
16
.00
39
-. 18
27
.11
23
.03
39
-. 09
15
.11
18
.87
39
.84
40
91
.37
42
-. 09
23
.12
23
.37
37
.10
16
.17
21
.49
43
.57
43
.48
16
.41
34
30
48
05
26
32
24
33
43
09
16
21
21
46
5C
45
5
79
16
39
38
.56
43
.19
41
.21
26
40
24
.28
41
.25
16
.31
21
.04
43
-. 05
44
.09
16
.07
37
.12
37
.34
42
NoCI
NaeS04
NaN03
LiC/
L;SO 4
NOH
KCI
NH 4CI
MgC/2
COC/2
HC
OHCI
though stimulus discriminability,  or generalization, is generally plotted along
a dimension  of physical  stimuli,  it  must, of course,  depend upon differences
in  neural  input;  these  differences  are  some  function  of distances  along  the
dimension.
Appendix  I
Physical  Variable  Any  physical  property  defined  by  a  measuring  operation
which  identifies  instances  of the variable  and discriminates  among different  values
of the  variable,  uniquely  assigning  a number to each value  in such a way  that the
resulting  numerically  fixed  values  of the variable  form either  a nominal,  ordinal,  in-
terval, or ratio  scale,  depending  upon the relationships which  the measuring  opera-
tion is capable  of establishing among  different values  of the variable.
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values affect the activity of that neuron by acting on sensory receptors.  (b)  Of a sen-
sory  modality.  A  physical  variable  some  of whose  values  affect  the  activity  of  the
afferent neurons for that modality by acting  on its sensory  receptors.
Stimulus Domain  (a) Of an afferent  neuron.  All  those  values  of stimulus vari-
ables  for that neuron  which  affect the  activity  of the  neuron by  acting  on  sensory
receptors.  (b)  Of a  sensory  modality.  All  those  values  of  stimulus variables  which
affect the activity  of the afferent  neurons for that modality  by  acting on  its sensory
receptors.
Stimulus Dimension  An interval or ratio scale stimulus variable.  Many  stimulus
dimensions  are  possible,  but some  are more  "interesting"  than others  because  they
relate more  closely  to significant  aspects  of sensation.  E.g.,  wavelength  of light is an
interesting  stimulus  dimension  of vision  because  of its relations  to the  sensation  of
color.  In this paper,  "stimulus  dimension"  should  be  understood  as referring  to  an
interesting stimulus dimension.  The term  "stimulus  continuum"  is often  used in the
manner in which  stimulus dimension  is  used in this paper.
Neural Response  Function  Some  measure  of neural  activity  as  a  function  of a
stimulus dimension.  The NRFs  developed  in this paper  use  as this  measure  the  fre-
quency of impulses in the first  second  of evoked  activity.
As  approximate  examples of the above  terms for  color vision,  the  stimulus variable
is the  wavelength  of light; the stimulus domain includes  only  a limited range  of wave-
lengths;  the  stimulus dimension is, again,  the  stimulus variable,  since  the numerically
fixed values of wavelength form a ratio scale; the neural response  function is a description
of the  sensitivity  of a particular  neuron,  such  as those given  for  "modulators"  (10)
along  this dimension.
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